Ophiocordyceps sinensis (O. sinensis) is a highly valuable fungus because of its nutritious and medicinal properties. The objective of this study was to identify protein markers using a proteomics approach followed by the development of an immunoassay to authenticate O. sinensis. Four authentic O. sinensis samples collected from four production regions and four counterfeit samples were examined individually. Overall 22 characteristic proteins of O. sinensis were identified by two-dimensional electrophoresis (2-DE) coupled with the matrix-assisted laser desorption/ionization-time-of-light mass spectrometry (MALDI-TOF/MS). Three authentic O. sinensis samples and three counterfeit samples were examined by the couple of alkaline native gradient PAGE (AN-PAGE) and electrospray ionization quadrupole-time-of-light mass spectrometry (ESI-Q-TOF/MS). One distinctive protein was identified to be cyanate hydratase, which was also one of the 22 distinctively characteristic proteins of O. sinensis and termed as IP4 in 2-D gel. Due to the abundance and high specificity of IP4, it was isolated and purified. Its purity was evaluated by high performance liquid chromatography (HPLC) and identified by ESI-Q-TOF/MS. Then the purified IP4 was used to produce polyclonal antibodies in BALB/c mice. The specificity of the anti-IP4 antibody was evaluated by an association of double immunodiffusion (DID) and indirect ELISA assay. Then an indirect enzyme linked immunosorbent assay (ELISA) was preliminarily developed to authenticate O. sinensis by detecting IP4. To evaluate the feasibility and accuracy of this method, three authentic O. sinensis samples and three counterfeits were analyzed. The P/N ratios (dividing the sample OD 450nm by the OD 450nm of negative controls) of three authentic O. sinensis samples were above 8, while, those of three counterfeits were lower than 1. These results indicated that the established ELISA assay based on proteomic protocols detection of protein markers might have a great potential in the authentication and also quality assessment of O.sinensis in those commercial products.
Introduction
Ophiocordyceps sinensis (Berk.) Sacc. (O. sinensis), belonging to ascomycetes family, is one of the most commercially valued fungus. It is native to the alpine habitats (3600-5000 m in elevation) on the Tibetan plateau, India, Bhutan and Nepal (Zhang et al. 2012) . O. sinensis specifically colonizes ghost moth caterpillars (Thitarodes spp.), making a parasitic complex that comprises the remains of the insect larva and fungal sexual stroma (En-Hua Xia et al. 2017 ). This fungus has been used as a traditional tonic food supplementation and traditional Chinese medicine (TCM) in treatment of bronchial and lung inflammation, sexual impotence diseases and renal dysfunction, etc. for over 2000 years in Asian countries (En-Hua Xia et al. 2017; Xu et al. 2016; Hardeep et al. 2014; Qian et al. 2012) . This fungus has attracted increasing attentions due to its various bioactivities, including as immunomodulation, antitumor, antioxidant, cardiovascular protection, and so forth (Xu et al. 2016) .
Due to the popularity of O. sinensis, its natural populations have been over-harvested. Moreover, it is slow growing, requiring 3 to 4 years to mature in wild. As a result, the 1 3 246 Page 2 of 8 current production of O. sinensis cannot satisfy the market demand and the unite price of high-quality O. sinensis is as high as USD 53 700 per kg in China (Dong et al. 2015; Jinlin Guo et al. 2012) . Consequently, the related species of O. sinensis, such as Cordyceps militaries, Cordyceps gunnii, Cordyceps liangshanensis are frequently used as substitutes or adulterants (Jinlin Guo et al. 2012 . However, conventional morphological based method are unable to distinguish between O. sinensis and its adulterant counterparts due to their similar appearance (Heinrich and Anagnostou 2017; James et al. 2016; Huijuan Liu, Haobin; Hu et al. 2011) . Recently, many methods were developed for the analysis of various components, most of them are based on the liquid chromatography (LC), capillary electrophoresis (CE), near infrared spectroscopy (NIR), and liquid chromatography mass spectrometry (LCMS) techniques, which has been widely used to identify medicinal herbs Zhang et al. 2012a, b; Yang et al. 2010; Qian and Li 2017) . Current methods used for the identification of medicinal herbs are mainly relied on DNA sequencing, but these methods are unsuitable for processed products where the DNA is lack or degraded (James et al. 2016; Xiang et al. 2013; Zhang et al. 2013; Jin et al. 2013) .
Recently, some researches focused on alternative components that attribute to the nutritious and medical benefits. Hankun Hu et al. employed HPLC-MS/MS and pinpointed six unique chemical markers of O. sinensis for quantification and quality assessment (Hankun et al. 2015) . Besides, Shiwei Zhang et al. used differential proteomic method to identify protein markers of O. sinensis, which could be used for future immunoassay development (Zhang et al. 2016) . For a thorough investigation of the characteristic protein markers of O. sinensis, we examined four authentic samples and four counterfeit samples with 2-DE/MS (Bhardwaj and Yadav. a common protein extraction protocol for proteomic analysis: 2013; Zhang et al. 2010) , which resulted in the discovery of 22 proteins that were unique to O. sinensis. Outcomes from this analysis facilitated our preliminary effort in developing an indirect ELISA for O. sinensis authentication.
Materials and apparatus
Four O. sinensis samples were collected from their native habitats, respectively, freeze dried for 2 days, and stored at − 20 °C (Table 1) . Four counterfeit samples were provided by Prof. Guo (Table 1 ). All samples were collected when mature. Male BALB/c mice with the age of 8 to 10 weeks were housed under specific pathogen-free conditions in accordance with the guideline of the Experimental Animal Center (Sichuan University, Chengdu, China.). Readyprep™ 2-D Cleanup Kit was purchased from Bio-Rad (Hercules, California, USA). Protein marker and other chemicals for electrophoresis were purchased from Thermo Fisher (Waltham, Massachusetts, USA). A PowerPac HV system (Bio-Rad) was used for the sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE); Protean IEF Cell and two-dimensional electrophoresis (2-DE) system were purchased from Bio-Rad (Hercules, California, USA). Micro TOF-QII™ ESI-Q-TOF LC/MS was purchased from Bruker Daltonics (Germany), which was used for mass spectrometry (MS) analysis.
Methods

Crude protein extraction
Crude protein extraction was performed according to John E Coliganet al (John and Coligan 2007; Ren yan 2013) . Briefly, 0.5 g of ground samples (the mixture of caterpillar body and stroma) were dissolved in 5 mL pre-cold protein extract solution (phosphate buffer saline (PBS) 0.02 mol/L, pH 7.2, 0.2% Tween 80, 0.2% β-mercaptoethanol, 1 mM PMSF), and centrifuged (10,000 rpm, 15 min) at 4 °C. Supernatant and sediment were collected, and the sediment was treated with a ten-fold volume of pre-cold 10% TCA/ acetone (0.07% DTT). The mixture was subsequently vortexed for 10 s, incubated at − 20 °C for 1 h and centrifuged (12,000 g, 15 min) at 4 °C. The supernatant was discarded and the precipitate was washed twice with pre-cold acetone solution. The precipitate was then dried at room temperature and dissolved in PBS. The protein solution was purified by Readyprep™ 2-D Cleanup Kit (Bio-Rad, USA) prior to rehydration and stored at − 80 °C for use. The concentration of total protein was quantified by the BCA method by measuring the OD 490nm in an ELISA plate reader (Thermo Fisher Scientific, USA) (Kruger 2009 ). Bovine serum albumin (BSA) was used as the standard. 
2-DE and MALDI-TOF-TOF/MS
The protein solution was dissolved in the rehydration buffer (8 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) methylammonio]-1-propanesulphonate (CHAPS), 5 0 mM DTT and 0.5% ampholyte). In this study, six loading quantities (i.e., 400, 500, 600, 700, 800 and 900 µg) of protein samples were compared. The first dimensional IEF was performed using 17 cm nonlinear IPG strips, and the isoelectric points (pI) of the nonlinear IPG strip was 3-10. This experiment was also carried out with a current setting of 50 µA / strip using a protean IEF cell at 20 °C. The IEF procedure was as follows, 20 °C active hydration for 12 h, 250 V for 0.5 h, 500 V for 0.5 h, 1000 V for 2 h, 10,000 V for 5 h, 10,000 V for 70,000 VH and 500 V for random time. 2-DE method was carried out according to the method of Grog et al. (John and Coligan 2007; Ren yan 2013; Kruger 2009; LIG and uan-jun 2007, 2018; Song et al. 2007; Grog et al. 2004) . A 12% SDS-PAGE was used for secondary separation and the SDS-PAGE steps were as follows: 50 V for 1 h and 150 V for 9 h. SDS-PAGE gels were dyed by Coomassie Brilliant Blue (CBB) G-250, and ultrapure water was used for discoloration. Precision Plus Protein molecular weight standard (Thermo Fisher, USA) was applied to each gel. Finally, the gels were scanned on UMAX PowerLook 2100XL scanner. Image analysis was processed by PAQuest TM 8.0.1 software (Bio-Rad, USA) and statistics were performed using SPSS software, version 17.0 (SPSS Inc., Chicago, IL), data was presented as x ± s. Each differential spot was excised, digested with in-gel tryptic-digestion and identified by MALDI-TOF-TOF/MS according to Katayama et al. (2001) . The resulting peptide fingerprints were used to identify proteins on the basis of their matches to proteins in insect and fungi against the NCBI nr database (https ://www.ncbi.nlm.nih.gov/) by Mascot v2.1 engine.
Alkaline native gradient PAGE
Crude protein extraction was also performed according to John and Coligan (2007; Ren yan 2013) . Crude protein was extracted from a 2 mg sample, and BCA method was used to determine protein content. 20 µg protein sample was loaded and separated by AG-PAGE (5% to 15%, 1.5M Tris-HCl, pH 8.8). After electrophoresis, lane 1, 2 and 3 were isolated and stained with CBB G-250 for 30 min. The differential band between authentic O. sinensis samples and counterfeits was cut off from the unstained lane 4 and 7, and dialyzed overnight with a dialysis bag against the electrophoresis buffer with a molecular weight cut-off at 8000 Da (Hunag yi 2003) . Then, the isolated protein was evaluated for its purity by HPLC (Wang Hao et al. 2009 ) and identified by ESI-Q-TOF/MS. The recovery solution of the isolated protein was diluted to 300 µg/ml using physiological saline, filtered with 0.22 µM Millipore membrane, and packaged in 0.5 mL /bottle and stored at 4 °C.
Production and characterization of polyclonal antibodies
Three mice were pre-injected subcutaneously with 200 µL ddH 2 O emulsified with complete Freund's adjuvant at a 1:1 ratio at multi-point under limbs, respectively. After two weeks, mice received an injection of 60 µg antigen in incomplete Freund's adjuvant in a 1:1 ratio every 2 weeks. Immunization is stopped after 6 days, mice were sacrificed, and the anti-sera was collected from eyeballs (Zhu 2014) . All tests were performed at the same place and the samples were processed in triplicates. Mice injected with saline only were used as negative control. The immune response was monitored by testing the titer of polyclonal antibody in moue serum using indirect ELISA and DID (Azevedo et al. 2014) . In indirect ELISA assay, a 96-well was coated with 100 µL (5 µg/ml) antigen in carbonate buffer and incubated for 5 h at 37 °C. 100 µL of a series of twofold dilution (1:4 to 1:1024) of anti-IP4 anti-sera were added and incubated at 37 °C for 1 h. For each test, the control mice sera and PBS were used in parallel as negative control and blank, respectively. The best positive dilution multiple of the anti-sera was considered to be the titer.
Establishment of an indirect ELISA
We then establish a preliminary, indirect ELISA to distinguish authentic from counterfeit O. sinensis samples using procedure described as follows. 100 µL of a eight serial twofold dilutions of IP4 (starting from 2 mg/ml) with carbonate buffer 0.01 M PBS (pH 7.4), 0.05 mol/l Tris-HCl (pH 8.5), and 0.05 mol/l normal saline (pH 9.6) was incubated at 37 °C for (2, 5 h or 5 h overnight at 4 °C)in a humid chamber. Afterwards, coating solution was removed by aspiration, each wells was rinsed twice with dH 2 O, and was flipped dry on paper towel. Each well was then blocked by 200 µL blocking buffer (4% PBS, 1% BSA-PBS and 1% BSA-PBST). After incubation for 25, 50 and 75 min at 37 °C, all the wells were washed three times with 0.01 M PBST (pH 7.4 containing 0.05% Tween-20) to remove the blocking solution. The wells were then rinsed twice with ddH 2 O and were dried again by testing the plate upside down on paper towel. 100 µL of anti-serum dilution (1:128) was added to each well, and incubated at room temperature for 1 h. Finally, antibody solution was removed and wells were rinsed with washing buffer three times followed by adding 100 µL anti-horseradish peroxidase (HRP)-labeled goat anti-mouse IgG (dilutions: 1:2000, 1:3000, 1:4000, 1:5000, and 1:6000) to each well for incubation at room temperature for 30, 45, 60 and 90 min. Then, the antibody solution was removed, and the wells were rinsed with washing buffer five times. Each plate was further washed three times by washing buffer and dried as before. OD 450nm was measured by Spectromax 250 microplate spectrophotometer (Molecular Devices, USA) and results were normalized by dividing the sample OD 450nm by the OD 450nm of negative control (P/N). A ratio that is greater than two was considered as positive, whereas a ratio that is less than one was regarded as negative or nonreactive.
To evaluation this method, three authentic samples of O. sinensis and three counterfeit samples were examined. First, the purified IP4 solution was diluted (0.1 to 0.6 mg/ml) with 0.05 mol/l normal saline (pH 9.6) to set up the standard curve. All incubation was carried out at 37 °C in triplicates. For each test, a positive control (100 µL antigen) and negative control (100 µL PBS) were included.
Results and discussion
Proteomic analysis
The conditions of 2-DE were optimized. A protein sample loading quantity of 600 µg was separated through 17 cm pI 3-10 IPG strips, and the filter paper pads were replaced beneath the electrodes to remove salts. The 2-D gels resolved 775 ± 27, 798 ± 25, 634 ± 21 and 712 ± 18 spots, respectively, in OS1, OS2, OS3 and OS4 samples (Table 1 ; Fig. 1a-d) , which scattered a pI of 4.0 to 9.0 and a molecular weight of 30 to 90 kDa. The proteomic patterns of O. sinensis samples from four habitats were similar in spot amount, molecular size and pI value. Differences in spots distribution and concentrations of protein spots could likely caused by growing environment, which is in accordance with previous findings (Zhang et al. 2016) . Nevertheless, a huge difference was found in overall protein pattern between authentic O. sinensis and counterfeits, suggesting that proteomic differences might allow species identification. Using PDQuest 8.0.1 software, 22 distinctive spots were displayed in Fig. 1-I , which were present consistently in all O. sinensis samples from different locations, but not found in any fake sample. Theses pots were excised, digested in gels and analyzed by MALDI-TOF/MS and the results of polypeptide mass fingerprint was obtained by searching matches through Mascot v2.1 engine against Fig. 1 2-DE map of 600 µg total protein, separated by IEF on 7 cm pI gradient 3-10 IPG strip, 12% SDS-PAGE, stained with Coomassie Brilliant Blue (CBB). Proteins extracted from O. sinensis collected from four habitants and four substitutes. a-d correspond to sample codes in sequence: OS1, OS4, OS2 and OS3, respectively. e-h correspond to sample codes in sequence: CL, CA, CG and CM. I: differential spots between O. sinensis and substitutes ▸ nrNCBI, insect and fungi databases (Table 2) . Among the 22 distinctive spots, only spots (9, 15, 20 and 24) were matched against the insect database. These protein species came from the dead bodies of O. sinensis ghost moth larvae, suggesting that the host partner was not only a group of nutrients for fungal growth but a part of the species complex (Bhardwaj and Yadav. A common protein extraction protocol for proteomic analysis: 2013; Zhu et al. 2017; Wu et al. 2008) . Moreover, spot 19 matched to vacuolar-ATPase, a protein that was previously found to be essential in maintaining morphological changes in N. crassa, potentially through maintaining cellular homeostasis (Bowman et al. 2000) . Additionally, spot 13 matched to heat shock protein, which was found to be played a crucial role in fruiting body and sexual development (Omeara and Cowen 2014) . Spot 3 matched to the hypothetical protein OCS_01884 (gi|531865517) in the NCBI protein database, which was also identified in Shiwei Zhang's study (Zhang et al. 2016) . Cyanate hydratase (spot 4), nicotinate phosphoribosyl transferase (spot 5) and glycerol-3-phosphate dehydrogenase (spot 8) were abundant in all O. sinensis samples from different production regions, but were not found in any counterfeit samples, suggesting these proteins might be the ideal marker candidates for the authentication of O. sinensis as well as providing insights to activities unique to this fungus.
Preparation of marker proteins
Three authentic O. sinensis samples and three counterfeit samples were examined by AG-PAGE. The protein profiles between O. sinensis and counterfeits showed clearly different (Fig. 2) . The matching ratios were 38 ± 0.64% between O. sinensis and C. liangshanensis, and 57 ± 0.39% between O. sinensis and C. gunnii. One distinctive band was observed and isolated from unstained lanes of authentic O. sinensis samples for HPLC. The result showed that the purity of the isolated protein was high (> 90%) (Fig. 3) Then, using ESI-Q-TOF/MS, the isolated peptide was identified to be "FEQIAQHIGR", with the coverage of 16%. Using nrNCBI database, the isolated protein matched with cyanate hydratase (gi|751836131), which is involved in N-metabolism and N-cycling (Palatinszky et al. 2015) . The peptide also matched with spot 4 in 2-D gels, and was found in all authentic O. sinensis samples. We, therefore, termed this peptide as IP4. Based on amino acid sequence blast in NCBI, the homolog sequence of IP4 was also found in C. militaris. However, our study showed that no corresponding spot was detected in all counterfeit samples, indicating that the content of IP4 may be very low in C. militaris or other counterfeits tested. Moreover, the identity of the amino acids is 46% between O. sinensis and C. militaris, suggesting that IP4 is not evolutionarily conserved and 
Production of anti-IP4 polyclonal antibody and detection of the specificity
Three male BALB/c mice were immunized with the purified IP4 solution and the titer of the anti-sera approximately reached 1:128 by DID. The analysis of the specificity was assayed by indirect ELISA. The result showed a positive signal for IP4 and the immune sera, while no signals were observed in negative controls. So, we conclude that the anti-IP4 polyclonal antibody was specific to IP4.
Development and evaluation of the indirect ELISA
To the best of our knowledge, immunoassay hasn't been developed to authenticate O. sinensis. The characteristic protein (IP4) would be used as an indicator, which facilitates the development of a fast and simple immunoassay. The proposed protocol based on an indirect-ELISA quantification of a protein marker was first established. The indirect-ELISA conditions were optimized as followed: wells were coated with 100 µL antigen (0.5 mg/ml) in NBS carbonate buffer (0.01 mol/l, pH 9.6) and incubated at 37 °C for 5 h, then overnight at 4 °C, 200 µL 1% BSA-PBS blocking buffer were added and incubated at 37 °C for 2 h, the suitable dilution of anti-IP4 anti-sera was 1:128 and that of HRP-labeled goat anti-mouse IgG was 1:3000.TMB was added to the wells as substrate and incubated for 20 min.
To evaluate the feasibility of the indirect ELISA, three authentic O. sinensis and three counterfeit samples were examined. The serially diluted IP4 was assayed by our established indirect ELISA. The linear range of the standard curve was 0.1 to 0.6 mg/ml, and the squared correlation coefficient (R 2 ) was 0.9916. The results of our indirect ELISA assay showed that the P/N ratios of three authentic O. sinensis samples were over 8, whereas the P/N ratios of three counterfeits were less than 1 ( Table 3 ), indicating that the proposed protocol based on ELISA quantification of IP4 has a great potential in authentication and quality assessment of O. sinensis commercial products. Our future endeavor is to detect more distinctive and specific protein markers, followed by the production of monoclonal antibody to enhance the sensitivity and specificity of this indirect ELISA method.
Conclusion
In this study, proteomic protocol was used to identify characteristic proteins in O. sinensis. Among them, one abundant and specific protein, cyanate hydratase (IP4), was isolated and purified. Using the anti-sera against IP4, a new indirect ELISA method for the authentication of O. sinensis was developed. The results indicated that proteomic protocol was reliable in identifying protein marker in O. sinensis, and the proposed protocol based on ELISA quantification has a great potential in authentication of O. sinensis, quality assessment of this fungus in food, healthcare products and also TCM.
